Five experiments were conducted to evaluate the effects of a high-protein, whey protein product (WPP; 73% CP, 6.8% lysine, 12.8% fat, and 5% lactose) and spray-dried animal plasma (SDAP) on growth performance of weanling pigs. In all experiments, pigs were fed experimental diets from d 0 to 14 after weaning in a pelleted form and then a common diet in meal form for the remainder of the experiment. Dietary treatments were established by substituting WPP or SDAP for dried skim milk (Exp. 1) or soybean meal (Exp. 2, 3, 4, and 5) in the control diet. In Exp. 1, we maintained a constant level of lactose in all diets by adjusting the amount of added crystalline lactose. The amount of lactose in diets used in Exp. 2 through 5 varied slightly by the addition of WPP. In Exp. 1 and 2, 180 weanling pigs (initially 5.8 kg and 19 ± 1 d of age or 5.5 kg and 17 ± 1 d of age, respectively) were used. Treatment diets contained SDAP (2.5 and 5%) or WPP (2.7 and 5.4% in Exp.1, and 2.5 or 5.0% in Exp. 2). In Exp. 1, from d 0 to 7 after weaning, ADG and ADFI increased with increasing SDAP (linear, P < .01).
Introduction
Diets containing milk products can improve growth performance of weanling pigs (Himmelberg et al., 1985; Tokach et al., 1989; Lepine et al., 1991) , and because of recent changes in fluid milk processing and the demand for different milk products, specialized products are now available for use in swine diets. When liquid
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No other treatment effects were observed during the d 0 to 14 period. In Exp. 2, from d 0 to 14 after weaning, ADG and G:F increased (linear, P < .04) with increasing SDAP or WWP. In Exp. 3, 305 weanling pigs (initially 4.1 kg and 12 ± 1 d of age) were used. The control diet contained 2.5% SDAP. The experimental diets were similar to the control diet but contained an additional 2.5 or 5.0% SDAP or 2.5 or 5.0% WPP. From d 0 to 14 after weaning, ADG, ADFI, and G:F increased (quadratic, P < .05) with increasing SDAP up to 5.0%. Increasing WPP increased ADG (quadratic, P < .07) and ADFI (linear, P < .09). In Exp. 4 and 5, 329 and 756 weanling pigs (initially 4.1 kg and 12 ± 1 d of age and 5.2 kg and 18 ± 1 d of age, respectively) were fed diets in which WPP was substituted for 0, 25, 50, 75, and 100% (Exp. 4) or 0, 50, and 100% (Exp. 5) of the SDAP in the control diet. In Exp. 4 and 5, from d 0 to 14 after weaning, pigs fed a 1:1 blend of each protein source had better ADG (quadratic, P < .04) than those only fed SDAP. In conclusion, WPP can be used in combination with or as a total replacement for SDAP in diets for weanling pigs without reducing performance.
whey is forced through a series of porous membranes, the components are separated based on size and shape and this can concentrate whey proteins to produce products with 34 to 80% CP. In this process, ash and lactose concentrations decrease as protein increases (Zadow, 1992) . However, because of their large size, whey phospholipids and fat globules are restricted by the membrane and are concentrated with the protein (M. Molitor, personal communication) .
The whey protein product used in our experiments (73% CP) was similar to the super-concentrated whey protein (> 70% CP) that is used for human consumption. However, unlike other high-protein whey concentrates, this whey product contains approximately two to three times more phospholipids and total fat (Morr and Foegeding, 1990) . Indeed, the 12.8% total fat content of this whey product exceeds the 10% fat maximum for whey protein concentrate (Code of Federal Regulations, 1998) . The process of selectively concentrating part of the larger protein fractions could also increase the immunoglobulin content relative to other high-protein whey concentrates. This may have important nutritional implications, because immunoglobulins may be important components for spray-dried animal plasma (Owen et al., 1995; Pierce et al., 1995; Weaver et al., 1995) . Therefore, our objective was to determine whether this concentrated whey protein product could replace spray-dried animal plasma in the diets for weanling pigs without adversely affecting growth performance.
Materials and Methods
Animal Care and Use. The experimental protocols used in these studies were approved by the Kansas State University Institutional Animal Care and Use Committee.
Animals and Housing.
Weanling pigs (n = 180) were used in two 35-d experiments. Pigs in Exp. 1 were initially 5.8 ± .86 kg and 19 ± 1 d of age, and pigs in Exp. 2 were initially 5.1 ± .51 kg and 17 ± 1 d of age. All pigs (PIC, L326 × C22) were blocked by weight, equalized for sex and ancestry, and allotted randomly to one of five experimental treatments. Each treatment had six pigs per pen and six pens (replications) per treatment. Pigs were housed at the Kansas State University Swine Teaching and Research Center in an environmentally controlled nursery. Each pen (1.2 × 1.5 m) had a single nipple waterer, a five-hole feeder, and woven wire flooring.
Experiment 3 used 315 pigs (initially 4.1 ± .73 kg and 12 ± 1 d of age), and Exp. 4 used 310 pigs (initially 4.2 ± .93 kg and 12 ± 1 d of age); both experiments lasted 28 d. At weaning, pigs (PIC, L326 × C22) were blocked by initial weight and allotted randomly to one of five dietary treatments. Each treatment had seven or eight pigs per pen with eight replications per treatment (Exp. 3) and eight or nine pigs per pen with seven replications per treatment (Exp. 4). In both experiments there was an equal number of pigs within each block. All pigs in Exp. 3 and 4 were housed on a commercial swine operation in Northeast Kansas in an environmentally controlled nursery. Each pen (1.2 × 1.5 m) had two nipple waterers, a six-hole feeder, and woven wire flooring.
In Exp. 5, weanling pigs (n = 756; initially 5.2 ± .17 kg and 18 ± 1 d of age) were used in a 28-d experiment. Pigs (PIC L420 × C14) were blocked by initial weight and allotted randomly to one of three dietary treatments. There were six observations per treatment. Each observation consisted of two pens with 21 pigs in each pen; both pens were served by the same fence line feeder. Pigs were housed on a commercial operation in Southeast Minnesota in an environmentally controlled nursery. Each pen (3.1 × 1.7 m) contained a cup waterer, a six-hole feeder, and plastic flooring.
In all experiments, nurseries were maintained at 34°C for the first week after weaning. Then temperature was reduced 1.5°C each week, and air flow was regulated to maintain pig comfort. Pigs were provided ad libitum access to feed and water throughout the experiments. Average daily gain, ADFI, and gain:feed ratio (G:F) were determined by weighing pigs and measuring feed disappearances at weekly intervals for the duration of each experiment.
Chemical Analysis. Samples of the spray-dried animal plasma and whey protein product were collected and analyzed for amino acid concentrations. The same lot of whey protein product was used in Exp. 1 through 4 (Table 1) , but a different lot was used in Exp. 5 (not analyzed). A different lot of spray-dried animal plasma was used for each experiment. Samples from each lot of spray-dried animal plasma were collected and analyzed. Amino acid analysis was performed by ion exchange chromatography following acid hydrolysis (Knabe et al., 1989) . Methionine and cystine were determined following oxidation with performic acid (Moore, 1963) . Tryptophan was determined following alkaline hydrolysis (LaRue, 1985) . Analyzed values of the whey protein product were slightly different from those provided by the supplier. Diet formulations in Exp. 2 through 5 used analyzed values. Values provided by the supplier for spray-dried animal plasma were used in each experiment. All experimental diets were sampled and analyzed for CP (AOAC, 1990) .
Dietary Treatments. In Exp. 1 through 4, the trials were divided into two phases, with the pelleted experimental diets fed from d 0 to 14 after weaning. All experimental diets were formulated to contain .9% Ca and .8% P. From d 14 to 28 or 35 after weaning, a common corn-soybean meal diet containing 10% dried whey and 2.5% spray-dried blood meal was fed in a meal form. The common diet was formulated to contain 1.35% lysine, .9% Ca, and .8% P (Table 2 ).
In Exp. 1, dietary treatments were based on a cornsoybean meal control diet containing 15% dried whey, 1% spray-dried blood meal, and 13.4% dried skim milk (Table 2) . Spray-dried animal plasma (2.5 or 5.0%) or whey protein product (2.7 or 5.4%) and lactose replaced dried skim milk on an equal lysine and lactose basis in the control diet. All diets were formulated to 1.50% total lysine. Formulations were based on amino acid concentrations provided by the suppliers of whey protein product and spray-dried animal plasma and on amino acid concentrations reported by NRC (1988) for the other ingredients.
In Exp. 2, dietary treatments (Table 3) were based on a corn-soybean meal control diet that contained fewer specialty protein sources than the basal diet of Exp. 1. All diets fed in Exp. 2 were formulated to contain 1.40% total lysine and contained 15% dried whey and no dried skim milk or spray-dried blood meal. Based on results of Exp. 1, we decreased the amount and number of added specialty protein sources in the control diet to ensure we would observe improvements in growth performance with the test ingredients. Analyzed values of whey protein product were used in diet formulation and calculated values for spray-dried animal plasma. Spray-dried animal plasma (2.5 or 5.0%) or whey protein product (2.5 or 5.0%) replaced soybean meal, on an equal lysine basis, in the control diet to provide the additional experimental diets.
Because health status of the pigs and environmental conditions will influence the magnitude of response to spray-dried animal plasma Bergstrom et al., 1997) , we conducted Exp. 3, 4, and 5 in commercial nurseries to confirm the results of Exp. 2. The control diets in Exp. 3, 4, and 5 were similar to the diets currently used in these production systems and contained more specialty protein and carbohydrate sources than used in Exp. 1 and 2. These adjustments were made to account for differences in weaning age (12 d of age in Exp. 3 and 4) and feeding regimen (Exp. 5). In Exp. 3, dietary treatments were based on a cornsoybean meal control diet containing 25% dried whey, 6% fish meal, 5% lactose, 2.5% spray-dried animal plasma, and 1.75% spray-dried blood meal (Table 4) . Additional spray-dried animal plasma (2.5 or 5.0%) or whey protein product (2.5 or 5.0%) replaced soybean meal, on an equal lysine basis, in the control diet to provide the additional experimental treatments. All diets were formulated to contain 1.70% total lysine.
In Exp. 4, dietary treatments were based on a cornsoybean meal control diet containing 25% dried whey, 6% fish meal, 5% lactose, 6.7% spray-dried animal plasma, and 1.75% spray-dried blood meal (Table 5) . Whey protein product replaced 25, 50, 75, and 100% of the spray-dried animal plasma on an equal lysine basis. All diets were formulated to contain 1.70% lysine.
In Exp. 5, the trial was divided into two phases, with the pelleted experimental diets fed from d 0 to 14 after weaning. However, unlike the previous experiments, each pen was initially provided with .45 kg/pig of their respective experimental diet. After this diet was consumed, pigs were then fed a less-complex transitional diet until d 14 after weaning. The basal diet that was fed first (.45 kg/pig) was a corn-soybean meal control diet containing 25% dried whey, 6.0% fish meal, 6.7% spray-dried animal plasma, and 1.75% spray-dried blood meal and was formulated to contain 1.70% lysine. The transitional basal diet was a corn-soybean meal diet containing 20% dried whey, 5.0% fish meal, 2.25% spray-dried animal plasma, and 1.25% spray-dried blood meal and was formulated to contain 1.55% lysine. In both diets, whey protein product was substituted for spray-dried animal plasma on an equal lysine basis. It replaced 50 and 100% of the spray-dried animal plasma in the control diets to provide the additional experimental treatments (Table 6) . From d 14 to 28 after weaning, a common corn-soybean meal diet containing 8.75% dried whey, 3% fish meal, and 1.25% spray-dried blood meal was fed in a meal form. It was formulated to contain 1.4% lysine, .9% Ca, and .8% P (Table 6 ). In all experimental diets, all amino acids met or exceeded requirement estimates of NRC (1988).
Statistical Analysis. All experiments were analyzed as randomized complete block designs. Pigs were blocked by initial body weight, and the pen was the experimental unit. Analysis of variance was performed using the GLM procedures of SAS (1998). Linear and quadratic polynomials (Peterson, 1985) were evaluated for increasing spray-dried animal plasma and(or) whey protein product.
Results

Experiment 1. From d 0 to 7 after weaning, ADG
and ADFI increased with increasing spray-dried animal plasma (linear, P < .01; Table 7 ). Increasing spray-dried animal plasma had no effect on G:F. Increasing whey protein product had no effects on ADG, ADFI, or G:F. From d 7 to 14 and d 0 to 14 after weaning, no differences were observed for pigs fed either of the experimental protein sources.
When all pigs were fed a common diet (d 14 to 35 after weaning), protein sources fed from d 0 to 14 after weaning had no effect on ADG or G:F. However, ADFI increased (quadratic, P < .05) for pigs previously fed 2.5% spray-dried animal plasma from d 0 to 14 after weaning.
From d 0 to 35 after weaning, no differences in ADG or G:F were observed in pigs fed spray-dried animal plasma from d 0 to 14. However, as found for the d 14 to 35 period, ADFI tended to increase for pigs previously fed 2.5% spray-dried animal plasma then decrease (quadratic, P < .08) for pigs fed 5.0% spray-dried animal plasma from d 0 to 14 after weaning. Increasing whey protein product from d 0 to 14 after weaning had no effect on overall ADG or ADFI; however, G:F tended to decrease for pigs fed 2.7% and then increase (quadratic, P < .07) for those fed 5.4%.
Experiment 2. From d 0 to 7 after weaning, ADG increased with increasing spray-dried animal plasma and whey protein product (linear, P < .002 and .02, respectively, Table 8 ). Average daily feed intake also increased (linear, P < .04) with increasing spray-dried animal plasma, but it was unchanged for pigs fed whey protein product. Feed efficiency was increased for pigs fed increasing spray-dried animal plasma (linear, P < .01) and whey protein product (linear, P < .002, quadratic P < .06).
From d 7 to 14 after weaning, ADG improved with increasing spray-dried animal plasma and whey protein product (linear, P < .02 and .05 respectively, Table  8 ). Experimental protein sources had no effect on ADFI, but G:F was increased for pigs fed increasing whey protein product (linear, P < .03). From d 0 to 14 after weaning, ADG, ADFI, and G:F increased (linear, P < .002, .04, and .04, respectively) with increasing spray-dried animal plasma (Table 8) . Increasing whey protein product increased (linear, P < .01) ADG and G:F, but it did not affect ADFI. From d 14 to 35 after weaning, ADG decreased then returned to control values (quadratic, P < .05) for pigs previously fed 2.5 and 5.0% whey protein product from d 0 to 14, respectively. No differences in ADG, ADFI, or G:F were observed from d 14 to 35 after weaning in pigs fed spraydried animal plasma from d 0 to 14. For the entire experimental period, d 0 to 35 after weaning, no differences were observed in pigs previously fed any of the experimental treatments.
Experiment 3. From d 0 to 7 after weaning ADG and ADFI increased in pigs fed 2.5% whey protein product then decreased (quadratic, P < .05) in those fed 5.0% (Table 9) . Although not significant, a similar numerical increase and decrease (P > .10) was observed in ADG with increasing spray-dried animal plasma. Average daily feed intake increased linearly with increasing spray-dried animal plasma (P < .04); however, G:F was not affected.
From d 7 to 14 and d 0 to 14 after weaning, ADG, ADFI, and G:F increased with increasing spray-dried animal plasma (quadratic, P < .003, .08, and .02, respectively), with pigs fed 2.5% added spray-dried animal plasma (5.0% total) having the best ADG. Average daily gain tended to increase in pigs fed 2.5% whey protein product and then decrease (quadratic, P < .07) in those fed 5.0%, whereas ADFI tended to increase linearly (P < .09). Feed efficiency was not affected by whey protein product.
From d 14 to 28 after weaning, ADG (linear, P < .12) and ADFI (linear, P < .05) tended to decrease numerically in pigs fed increasing spray-dried animal plasma from d 0 to 14 after weaning. Feed efficiency was not affected. No differences in ADG, ADFI, or G:F were observed from d 14 to 28 after weaning in pigs fed whey protein product from d 0 to 14.
For the cumulative period, d 0 to 28 after weaning, no differences in ADG or ADFI were observed in pigs fed either increasing spray-dried animal plasma or whey protein product from d 0 to 14 after weaning. Pigs previously fed increasing whey protein product from d 0 to 14 after weaning had improved G:F (quadratic, P < .03).
Experiment 4. From d 0 to 7 and d 7 to 14 after weaning, as whey protein product replaced increasing amounts of spray-dried animal plasma, ADG increased and then returned to control values (quadratic, P < .10, Table 10 ). Average daily feed intake and G:F were not affected by increasing whey protein product.
From d 0 to 14 after weaning, ADG and ADFI increased and then returned to control values with increasing whey protein product (quadratic, P < .04, and .09, respectively). Feed efficiency was not affected by whey protein concentrate. During this period, pigs fed any of the whey protein product and spray-dried animal All experimental treatment groups were fed diets that contained a minimum of 2.5% spray-dried animal plasma from d 0 to 14 after weaning. plasma combinations had greater ADG than pigs fed either of the protein sources alone.
From d 14 to 28 after weaning or the cumulative experimental period, no differences in ADG, ADFI, or G:F were observed as a result of protein sources fed from d 0 to 14 after weaning.
Experiment 5. From d 0 to 7 after weaning, no differences in ADG, ADFI, or G:F were observed. However, from d 7 to 14 and d 0 to 14 after weaning, increasing whey protein product increased ADFI (quadratic, P < .05, Table 11 ). From d 0 to 14, pigs fed diets containing the combination of whey protein product and spraydried animal plasma had greater ADG (quadratic, P < .05) than pigs fed diets containing only spray-dried animal plasma. Pigs fed only whey protein product had intermediate ADG. No differences in G:F were observed. Experimental diets fed from d 0 to 14 after weaning had no effect on growth performance from d 14 to 28 and from d 0 to 28.
Discussion
Spray-dried animal plasma has been shown to be an excellent protein source for weanling pigs (Gatnau and Zimmerman, 1991; Sohn et al., 1991; Hansen et al., 1993; Kats et al., 1994a,b) . However, pig weight, age, and health status can influence the magnitude of response to spray-dried animal plasma Bergstrom et al., 1997) . In Exp. 1, pigs fed increasing spray-dried animal plasma had higher ADG and ADFI only during the initial 7-d period after weaning. These results are consistent with previous studies showing spray-dried animal plasma to be a superior protein source compared with dried skim milk (Hansen et al., 1993; Kats et al., 1994a) . However, the magnitude or duration of the response to spray-dried animal plasma was not as great as previously observed. Kats et al. (1994a) and Hansen et al. (1993) found increases in ADG (30 to 35%) and ADFI (33 to 40%) when comparing pigs fed spray-dried animal plasma with those fed dried skim milk, and these responses were maintained throughout the first 14 d of the studies. In Exp. 1, the control diet contained spray-dried blood meal, dried skim milk, and(or) lactose. This may have provided sufficient specialty protein and carbohydrate sources for pigs of this age and weight to enhance growth performance. Therefore, this suggests that age and initial weight in our study combined with a control diet already sufficient as specialty protein sources may have been responsible for the small response to spray-dried animal plasma.
Because of observations in Exp. 1, a second experiment was conducted to further evaluate whey protein product as a replacement for spray-dried animal plasma in younger pigs with less-complex diets. In Exp. 2, increasing spray-dried animal plasma and whey protein product improved growth performance during the entire time that experimental diets were fed (d 0 to 14 after weaning). All performance observations (ADG, ADFI, and G:F) were improved with increasing spray-dried animal plasma. Kats et al. (1994a) found increases in ADG and ADFI from d 0 to 14 for pigs fed up to 10% spray-dried animal plasma. Improvement in G:F is generally not observed from increasing substitution of spray-dried animal plasma for dried skim milk (Hansen et al., 1993; Kats et al., 1994a) . However, in the current study, G:F was improved when soybean meal was replaced. Bergstrom et al. (1997) also observed an increase in G:F as soybean meal was replaced by spray-dried animal plasma and suggested that the response was due to a relatively greater digestibility of spray-dried animal plasma. In our study, pigs fed increasing whey protein product had greater ADG than pigs fed the control diet. The linear increases in ADG were similar for pigs fed whey protein product and spray-dried animal plasma. This suggests that whey protein product can replace spray-dried animal plasma. Spray-dried animal plasma seems to increase ADG predominantly from an increase in feed intake (Gatnau and Zimmerman, 1990; Hansen et al., 1993; Kats et al., 1994a) ; however, we did not observe an increase in ADFI with whey protein product. The improvement in ADG seemed to be a result of better feed efficiency. This suggests that the mechanisms for increased ADG from spray-dried animal plasma and whey protein product are independent.
Based on greater responses observed in Exp. 2 using lighter and younger pigs, a third study was conducted to validate the results in a commercial production system. In Exp. 3, increasing spray-dried animal plasma improved pig performance from d 0 to 14. However, little if any increase in ADG occurred as spray-dried animal plasma increased from 5 to 7.5%. Nessmith (1996) observed similar growth performance of pigs fed 2.5 or 5.0% spray-dried animal plasma. In contrast, Kats et al. (1994a) observed growth performance to improve with up to 10% spray-dried animal plasma. However, experimental diets fed in Exp. 3 contained fish meal and spray-dried blood meal as protein sources because of the age and weight of the pigs. These other protein sources may have contributed to the observation of maximized performance at 5% spray-dried animal plasma. Also, the excellent health status of pigs in Exp. 3 may have resulted in a lower inclusion rate of spray-dried animal plasma necessary to maximize pig performance Bergstrom et al., 1997) .
In Exp. 3, pigs fed the combination of whey protein product and spray-dried animal plasma had greater growth performance than pigs fed the control diet during the first week after weaning. However, pigs fed the highest inclusion of each protein source did not show further increases in ADG or ADFI.
On d 14 after weaning, when pigs fed 5.0 or 7.5% spray-dried animal plasma (d 0 to 14) were switched to a common diet (no spray-dried animal plasma), a decrease in ADFI and a tendency for a decease in ADG (d 14 to 28) were observed. Studies by Kats et al. (1994a) and Nessmith (1996) also observed the same depression in growth performance and suggested that a sequential decrease in plasma protein may be necessary to maintain the benefits from feeding spray-dried animal plasma during the initial period after weaning. This depression was not observed (d 14 to 28) in pigs fed whey protein product (d 0 to 14). However, under our experimental conditions, no differences in cumulative performance (d 0 to 28) were observed for either protein source fed from d 0 to 14. Nonetheless, in a commercial feeding regimen when diet changes are based on pig weight and not on time, as in our study, the initial differences in growth performance might be maintained.
Results from Exp. 3 suggested that responses to a combination of spray-dried animal plasma and whey protein were similar to those observed for spray-dried animal plasma alone. Therefore, Exp. 4 and 5 were conducted to evaluate pig performance when increasing levels of spray-dried animal plasma were replaced with whey protein product.
In Exp. 4 and 5, pigs fed combinations of spray-dried animal plasma and whey protein product (from d 0 to 14) had better growth performance than pigs fed either of the protein sources fed alone. Our findings are similar to those of Kats et al. (1994a) , who demonstrated that pigs fed combinations of spray-dried animal plasma and spray-dried blood meal had greater ADG and G:F compared with those fed either protein source alone. This response suggests different mechanisms of action for spray-dried animal plasma and whey protein product. As observed in Exp. 2, increased ADG from spray-dried animal plasma is primarily from increased feed intake, but whey protein product seems to increase ADG as a result of better feed efficiency. One factor that may account for some of the improved feed efficiency observed in pigs fed whey protein product may be the added fat it provided or the type of fat (whey phospholipids) and its effect on fat digestibility. We did not adjust diet formulation for the increase in fat content provided by the whey protein product in our experiments. Additional studies will be needed to determine whether the added fat and(or) phospholipid is responsible for the improved pig growth performance.
In spray-dried animal plasma, IgG is the protein fraction thought to be responsible for the increase in ADFI, which results in higher ADG (Owen et al., 1995; Pierce et al., 1995; Weaver et al., 1995) . The processing procedures for whey protein product that concentrate the proteins also would concentrate the IgG protein fraction. Therefore, IgG levels would be higher in whey protein product than in dried whey or dried skim milk. Although spray-dried animal plasma and whey protein product apparently increase ADG through intake and efficiency, respectively, the IgG contribution from whey protein product cannot be over looked.
Implications
These studies demonstrate that whey protein product can be used as a partial or complete replacement for
